The general anesthetic state comprises behavioral and perceptual components, including amnesia, unconsciousness, and immobility. ␥-Aminobutyric acidergic (GABAergic) inhibitory neurotransmission is an important target for anesthetic action at the in vitro cellular level. In vivo, however, the functional relevance of enhancing GABAergic neurotransmission in mediating essential components of the general anesthetic state is unknown. Gabaculine is a GABA-transaminase inhibitor that inhibits degradation of released GABA, and consequently increases endogenous GABA in the central nervous system. Here, we examined, behaviorally, the ability of increased GABA levels to produce components of the general anesthetic state. METHODS: All drugs were administered systemically in adult male ddY mice. To assess the general anesthetic components, two end-points were used. One was loss of righting reflex (LORR; as a measure of unconsciousness); the other was loss of movement in response to tail-clamp stimulation (as a measure of immobility). RESULTS: Gabaculine induced LORR in a dose-dependent fashion with a 50% effective dose of 100 (75-134; 95% confidence limits) mg/kg. The behavioral and microdialysis studies revealed that the endogenous GABA-induced LORR occurred in a brain concentration-dependent manner. However, even larger doses of gabaculine (285-400 mg/kg) produced no loss of tail-clamp response. In contrast, all the tested volatile anesthetics concentration-dependently abolished both righting and tail-clamp response, supporting the evidence that volatile anesthetics act on a variety of molecular targets. CONCLUSIONS: These findings indicate that LORR is associated with enhanced GABAergic neurotransmission, but that immobility in response to noxious stimulation is not, suggesting that LORR and immobility are mediated through different neuronal pathways and/or regions in the central nervous system.
autonomic responses to noxious stimulation (1, 2) . The sedative and analgesic properties of nitrous oxide, a gaseous general anesthetic, may be modulated at different, independent sites (3). Hence, it is imperative that each component be explored separately (4) .
In vitro, electrophysiological studies have revealed that ligand-gated ion channels are important targets for anesthetic action at the cellular level (1, 5) . Chloride channels gated by the inhibitory neurotransmitter, ␥-aminobutyric acid (GABA) are sensitive to clinical concentrations of a wide variety of anesthetics, including volatile inhaled anesthetics and many IV anesthetics (6) . At clinical concentrations, general anesthetics increase the sensitivity of the GABA A receptor to GABA, thus enhancing inhibitory neurotransmission and depressing nervous system activity. In vivo, however, the functional relevance of enhancing GABAergic neurotransmission in mediating essential components of the general anesthetic state, such as unconsciousness and immobility, is unknown.
The action of synaptically released GABA is terminated by uptake into neurons and glial cells via high-affinity Na ϩ -dependent transporters. NO-711 potently inhibits GABA uptake and readily penetrates the blood-brain barrier (7) . Released GABA is degraded by mitochondrial GABA-transaminase (GABA-T). Gabaculine is a potent, specific GABA-T inhibitor (8, 9) . These inhibitors increase endogenous GABA in the mammalian central nervous system (CNS) via different mechanisms. Subsequently, the increased GABA levels in the brain selectively stimulate GABA neurons. Thus, in this study, we examined, behaviorally, whether increased GABA levels could produce components of the general anesthetic state using two end points. One was loss of righting reflex (LORR) (as a measure of unconsciousness); the other was loss of movement in response to tail-clamp stimulation (as a measure of immobility). In addition, the action of these GABA mimetics on the righting reflex and response to noxious stimulation was compared to the effects of volatile anesthetics.
METHODS
The study was approved by the Committee of Research Facilities for Laboratory Animal Science, Graduate School of Biomedical Sciences, Hiroshima University. Adult male ddY mice (Japan SLC, Shizuoka, Japan) weighing 33-56 g were used in this study. Animals were housed five per cage in an air-conditioned room maintained at 25°C Ϯ 1°C with 50% relative humidity on a 12-h light/dark cycle (lights on at 8:00 am). Food and water were available ad libitum. Animals were used only once in all experiments. All behavioral experiments were performed between 10:00 am and 6:00 pm.
3-Amino-2,3-dihydrobenzoic acid (gabaculine) hydrochloride and 1-[2-([(diphenylmethylene)imino]oxy)ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid (NO-711) hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO). Halothane was obtained from Takeda Chemical Industries (Osaka, Japan). Enflurane and isoflurane were from Abbot Laboratories (North Chicago, IL). Sevoflurane was from Maruishi Pharmaceutical Co. (Osaka, Japan). Chloral hydrate was from Nacalai Tesque (Kyoto, Japan).
Gabaculine, NO-711, and chloral hydrate were dissolved in 0.9% saline solution. Each drug was freshly prepared on the day of the experiment. All drugs, except for volatile anesthetics, were administered intraperitoneally (IP) in a volume of 5 mL/kg. The volatile anesthetics halothane, enflurane, isoflurane, and sevoflurane were administered with 33% oxygen at a total flow rate of 6 L/min (1 L/min of oxygen plus 5 L/min of fresh air). The mixed gas entered one end of an airtight clear Plexiglas chamber (30 cm wide ϫ 30 cm deep ϫ 25 cm high) that was vented at the other end. Each volatile anesthetic was delivered from a dedicated, calibrated vaporizer, and the anesthetic concentration in the chamber was continuously monitored. A gas sample was continuously drawn from the chamber, and the concentration of anesthetic was measured with an infrared analyzer (Capnox; Colin, Aichi, Japan).
Behavioral Study
Anesthetic states were evaluated using two endpoints: loss of rolling response (as a measure of unconsciousness) and loss of response to noxious stimulation (as a measure of immobility). In this study, righting reflex was used to indicate the rolling response, and clamping the mouse's tail was the noxious stimulation.
The mice were examined individually in a circular glass beaker (13.5 cm diameter ϫ 19 cm high). To examine the righting reflex, we tilted the beaker by hand to an angle of approximately 45°from a horizontal plane. The beaker was tilted three times at each recording time after IP administration of gabaculine or NO-711. Righting reflex was assessed and recorded every 2 min for the first 1 h and every 10 min for the following 6 h after administration of NO-711, and every 1 h for 24 h after administration of gabaculine, by a blinded observer. Righting reflex scores were evaluated according to the rating scale of Irifune et al. (10) : a score of 0 indicated a normal righting reflex; ϩ1 indicated that the mouse righted itself within 2 s on all three trials (slightly impaired righting reflex); ϩ2 indicated that the latency to righting was Ͼ2 s, but Ͻ10 s at the best response in three trials (moderately or severely impaired righting reflex); ϩ3 corresponded to absence of righting reflex (no righting within 10 s on all three trials).
To determine immobility, a tail clamp was applied with arterial forceps close to the base of the tail for 1 min or until the animal moved at the time when each drug produced a peak effect on the righting reflex. Purposeful movement of head and/or legs after tailclamp stimulation was considered a response. Purposeless movement, such as coughing or hyperventilation, was excluded.
In the behavioral study of volatile anesthetics (halothane, enflurane, isoflurane, and sevoflurane), mice were placed in the chambers after the target concentrations were achieved. Anesthetic partial pressures were continuously monitored with the infrared analyzer. Animals were equilibrated with anesthetic partial pressure (a target concentration) for 20 min of spontaneous breathing. The target concentration in the chamber was maintained by adjusting vaporizers throughout the study. After 20 min exposure, the righting reflex and tail-clamp response were evaluated as described above.
Five to eight mice were used per dose or concentration for each drug. First, doses or concentrations of the drug large enough to eliminate and small enough not to affect the righting reflex or tail-clamp response for all animals were determined. Then, 3-4 doses or concentrations were administered between these maximum and minimum doses or concentrations. The anesthetized animals were kept warm with an overhead heat lamp. Because the response is all-or-none, the number of animals losing the righting reflex (scored ϩ3) or the tail-clamp response of the total that received a specific treatment (5-8 mice were used per dose) was used to calculate the percentage loss of response. The 50% effective dose (ED 50 ) for LORR (righting-reflex ED 50 ) and for loss of movement in response to tail-clamp stimulation (tail-clamp ED 50 ) with 95% confidence limits, and the parallelism between the dose-response curves were determined according to the method of Litchfield and Wilcoxon (11) . The ratio of tail-clamp ED 50 to righting-reflex ED 50 was calculated for each anesthetic.
Microdialysis Study
Microdialysis is a powerful technique for monitoring events occurring in the extracellular fluid, including neurotransmission and cell metabolism, as well as application of drugs directly into the brain.
Mice were anesthetized with chloral hydrate (400 mg/kg, IP) and placed in a stereotaxic frame (KOPF model 900; David Kopf Instruments, CA). A microdialysis guide cannula (CUP/7; CMA/microdialysis AB, Solna, Sweden) was implanted into the hippocampus (AP: Ϫ2.6 mm, L: ϩ2.0 mm, V: Ϫ1.2 mm from bregma and top of the skull) according to the atlas of Franklin and Paxinos (12) . The guide cannula was secured to the skull using a bone anchor screw and dental acrylic cement. The animals were allowed to recover from the surgery for at least 7 days before perfusion experiments.
All dialysis experiments were performed on conscious, freely moving mice. On the day of experiment, the inlet of the microdialysis probe (CUP/7; 0.24 mm membrane diameter ϫ 2.0 mm membrane length; CMA/Microdialysis AB) was connected to a microinfusion pump (CMA/102; CMA/Microdialysis AB), and its outlet was connected to a fraction collector (CMA/170; CMA/Microdialysis AB). Then, the probe was filled with an artificial cerebrospinal fluid (ACSF). The ACSF consisted of 120 mM NaCl, 5 mM KCl, 1.2 mM MgCl 2 , 1.8 mM CaCl 2 , 1.2 mM KH 2 PO 4 , and 1.6 mM Na 2 HPO 4 (pH 7.4). After preparation of the probe, the mouse was lightly anesthetized with chloral hydrate (200 mg/kg, IP). The guide obturator was removed and the probe was introduced. Then, the mouse hippocampus was perfused with the ACSF. Thereafter, the mouse was placed in a large hemispherical bowl (40 cm diameter). A 3 h equilibration period was allowed before sampling for stabilization of GABA concentrations after probe implantation. Dialysate samples were then collected and stored at 4°C in plastic vials containing 6 L of 0.1 N HCl to conserve the intrinsic acidic amino acid. In the gabaculine-treated group, the flow rate of the perfusion medium (ACSF) was maintained at 0.5 L/min using the microperfusion pump, and samples were collected every 60 min. This slow flow rate permits the avoidance of amino-acid depletion by gabaculine in the mouse hippocampus. Gabaculine was administered IP 6 h after the start of sampling, and the alteration of GABA was measured for 27 h. In the NO-711-treated group, the flow rate was 1.0 L/min, and samples were collected every 30 min. NO-711 was injected IP 3 h after the start of sampling, and samples were collected for 10 h. The microdialysis samples were stored at Ϫ20°C until a GABA assay was performed. The microdialysis probes were evaluated in vitro to determine the mean percentage of relative recovery of GABA at 37°C. The means were 23.9% Ϯ 2.9% (mean Ϯ sem, n ϭ 6) at the flow rate of 0.5 L/min and 15.0% Ϯ 0.7% (n ϭ 6) at the flow rate of 1.0 L/min, respectively.
At the end of each microdialysis experiment, the brains of the mice were removed after decapitation under deep chloral hydrate anesthesia. The brains were fixed in 10% formalin, cut on a cryomicrotome, and examined by microscope. The location of the microdialysis probe was determined histologically on serial coronal sections. Because all the implanted probes were situated at the proper positions in the hippocampus of animals studied, all the data obtained were used.
GABA in the dialysate was measured by reversephase high-performance liquid chromatography with fluorescence detection after precolumn derivatization with orthophthaldialdehyde reagent. The derivatization was performed using a refrigerated autoinjector (SIL-10AD VP; Shimadzu, Kyoto, Japan) with computer (SCL-10A VP; Shimadzu). A 20-L dialysate sample was mixed with 20-L of the orthophthaldialdehyde regent. After 150 s of reaction time, a 20-L aliquot of the mixture was injected into the highperformance liquid chromatography apparatus, which consisted of a delivery pump (LC-100; BAS Japan, Tokyo, Japan), a degasser (LC-27A; BAS Japan), a reverse-phase column (CMA/GABA analysis column, 1.0 mm internal diameter ϫ 100 mm length; CMA/ Microdialysis), a fluorescence detector (CMA/280; CMA/Microdialysis) with "amplify" set to 100 and "rise time" to 1, and a computing integrator-printer (C-R6A Chromatopac; Shimadzu). The analytical column temperature was controlled at 40°C (CTO-10AS VP; Shimadzu). The mobile phase consisted of 0.1 M acetate buffer and 20% acetonitrile adjusted to pH 5.4 with concentrated phosphoric acid. It was pumped through the column at a rate of 60 L/min. The basal level of GABA in each animal was calculated as the mean of the last three consecutive samples immediately before drug treatment. Subsequent results were expressed as a percentage of the basal GABA level in each individual animal. The data are expressed as the mean Ϯ sem.
The data were analyzed by one-way analysis of variance (ANOVA) followed by Student t-test with Bonferroni correction for multiple comparisons. The results were considered statistically significant when P Ͻ 0.05.
RESULTS
The IP administration of gabaculine (35-200 mg/kg) in mice increased righting reflex scores in a dosedependent fashion. The peak effect of gabaculine occurred at approximately 17 h postinjection, followed by a plateau. Gabaculine increased the percentage of LORR in a dose-dependent manner with an ED 50 value of 100 (75-134; 95% confidence limits) mg/kg. However, even larger doses of gabaculine (285-400 mg/kg) produced no loss of movement in response to tail-clamp stimulation (Fig. 1) .
NO-711 (50 -100 mg/kg, IP) induced neither LORR nor any immobility in response to tail-clamp. Larger doses of NO-711 (70 -100 mg/kg) produced myocloniclike seizures. NO-711 at 50 mg/kg produced an ataxic gait, with peak effect occurring at 6 min postinjection. This behavior lasted for more than 60 min.
In contrast to the GABA mimetics, all the tested volatile anesthetics concentration-dependently abolished both righting and tail-clamp response (Fig. 2) . Table 1 summarizes the righting-reflex ED 50 , the tailclamp ED 50 , and the ratios of the tail-clamp ED 50 to the righting-reflex ED 50 for various volatile anesthetics.
In a microdialysis study, the basal levels of GABA in the hippocampus were 9.99 Ϯ 0.80 (n ϭ 36) nM at a flow rate of 0.5 L/min and 4.46 Ϯ 0.85 (n ϭ 33) nM at a flow rate of 1.0 L/min, respectively. The IP administration of vehicle saline produced no significant change from the basal GABA levels (n ϭ 5, F(15,64) ϭ 1.014, P Ͼ 0.05). The time-course effects of gabaculine and NO-711 on extracellular GABA levels and righting reflex scores are shown in Figure 3 . Gabaculine (100 mg/kg, IP) produced a steep increase in GABA levels of the hippocampus up to 10 h after the injection; thereafter, the increase was gradual during a 24-h period. Extracellular GABA levels were significantly increased 4 h postinjection and reached 3393.0% Ϯ 447.0% at 17 h postinjection, when the anesthetic scores peaked, as compared to the basal levels (n ϭ 6, F(24,125) ϭ 9.608, P Ͻ 0.0001). These changes in GABA level in mouse brain corresponded with righting reflex scores (Fig. 3a) . In contrast, a small dose of gabaculine (10 mg/kg), which did not affect the righting reflex, increased GABA to 1103.8% Ϯ 329.7% of baseline (n ϭ 6) (data not shown).
NO-711 at a dose of 50 mg/kg, which is large enough to induce anticonvulsant effects, significantly increased GABA to 269.7% Ϯ 24.2% of basal levels at 90 min postinjection and returned to baseline at 210 min (n ϭ 6, F(15,80) ϭ 14.345, P Ͻ 0.0001), but did not affect the righting reflex (Fig. 3b) .
DISCUSSION
The present study showed that IP administration of gabaculine induced LORR in a dose-dependent fashion (Fig. 1) . The behavioral and microdialysis studies revealed that the endogenous GABA-induced LORR occurred in a brain concentration-dependent manner (Fig. 3) . However, even larger doses of gabaculine produced no immobility in response to noxious stimulation (Fig. 1) . In contrast, all the tested volatile anesthetics concentration-dependently produced both LORR and immobility (Fig. 2) , supporting the evidence that volatile anesthetics act on a variety of molecular targets (1). These findings indicate that LORR is associated with enhanced GABAergic neurotransmission, but that immobility is not.
Local perfusion of the thalamus in vivo with GABA through an indwelling microdialysis probe produces a significant increase in physiological sleep, and induces long-lasting inhibition of somatosensory event-related potentials in cats (13) . However, no studies evaluated the effects of GABA itself on general anesthetic components. The present study was the first to examine the effects of increased endogenous GABA in the brain by gabaculine on LORR and immobility, and no studies have yet investigated whether gabaculine could induce anesthetic effects (amnesia, sedation, and attenuation of autonomic responses to noxious stimulation, etc.) other than analgesia (14) . Further studies will be required.
It has been reported that systemic administration of the GABA A receptor agonist, THIP (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol), induces LORR on extracellular GABA levels in the hippocampus and on righting reflex scores in mice. Gabaculine (100 mg/kg) or NO-711 (50 mg/kg) was administered intraperitoneally at 0 h. Righting reflex was assessed every 1 h for 24 h after administration of gabaculine, and every 2 min for the first 1 h and every 10 min for the following 6 h after administration of NO-711. Closed circles represent extracellular GABA levels, expressed as a percentage of basal level calculated from three consecutive samples before injection of gabaculine or NO-711 (means Ϯ sem, n ϭ 6). Hatched bars represent means of righting reflex scores (n ϭ 6). A score of 0 indicates a normal righting reflex; ϩ1 indicates that the mouse rights itself within 2 s on all three trials; ϩ2 indicates that the latency to righting is Ͼ2 s, but Ͻ10 s at the best response in three trials; ϩ3 indicates no righting within 10 s on all three trials. *P Ͻ 0.05, **P Ͻ 0.01 compared to basal level, one-way ANOVA followed by Student t-test with Bonferroni correction for multiple comparisons. in mice and rats (15) . Moreover, direct injection of muscimol, another GABA A receptor agonist, into the tuberomammillary nucleus (a posterior hypothalamic cell group thought to be important in promoting arousal) produces LORR in rats (4). These findings suggest that the production of LORR (unconsciousness) occurs at a supraspinal site of GABA neurons in the mammalian CNS. However, GABA and GABA A receptor ligands, such as THIP and muscimol, each have individual agonist binding sites in GABA A receptors (16) . Therefore, endogenous GABA and exogenous GABA A receptor agonists may induce different physiological behaviors. In addition, Meldrum has pointed out that desensitization of GABA receptors does not occur with increased endogenous GABA by GABA-T inhibitors, although GABA A receptor agonists induce such desensitization (17) . The current study was the first to demonstrate that endogenous GABA produces LORR in a brain concentrationdependent fashion in mice ( Figs. 1 and 3 ). In this study, two end-points were used to assess the general anesthetic state: 1) LORR, and 2) loss of response to noxious stimulation. LORR is thought to be a primary end-point for unconsciousness (4, 18) . The loss of response to noxious stimulation is used to determine a minimum alveolar (anesthetic) concentration (MAC) of an anesthetic that produces immobility in 50% of those subjects exposed to noxious stimulation. However, the methods by which MAC was determined in previous studies were not precisely consistent for type and strength of noxious stimulation. In the present study, we demonstrated that tail-clamp ED 50 (MAC) values for halothane, enflurane, isoflurane, and sevoflurane were 1.35, 2.50, 1.35, and 2.40%, respectively (Table 1) . These results are consistent with data reported previously (19 -22) . Thus, the method used in this study to determine the tail-clamp ED 50 (MAC) appears appropriate. Blood/gas partition coefficients for halothane, enflurane, isoflurane, and sevoflurane are 2.5, 1.8, 1.4, and 0.65, respectively. A larger blood/gas partition coefficient produces a greater uptake, hence a lower alveolar anesthetic concentration (F A )/inspired concentration (F I ) ratio. Therefore, at the time of testing (after 20 min exposure of the inhaled anesthetics), the F A /F I ratios of these anesthetics might be different. In humans, the ratios for halothane and sevoflurane have been reported to be approximately 0.5 and 0.75, respectively, after 20 min inhalation (23) . Thus, longer exposure time might be required especially for halothane.
GABA, on its own, does not readily pass through the blood-brain barrier. For this reason, we used gabaculine which penetrates the barrier easily (8, 9) , is the most potent GABA-T inhibitor available, and increases brain GABA concentrations; these properties of gabaculine make it possible to administer systemically and stimulate GABAergic neurons selectively. Gabaculine is a catalytic inhibitor of GABA-T, and may also inhibit glutamic acid decarboxylase (GAD), which is a synthetic enzyme responsible for the conversion of l-glutamic acid to GABA. However, gabaculine has a fair degree of specificity because it is about 1000-fold less effective as a GAD inhibitor than as a GABA-T inhibitor. GABA-T is the primary catabolic enzyme for GABA, occurring in both neurons and glial cells. GABA is metabolized largely at extraneuronal intercellular sites or in the postsynaptic neurons (24) . In fact, systemic administration of gabaculine increases GABA concentrations in both the intracellular and extracellular compartments of rat brain (25) . In this study, gabaculine increased extracellular GABA levels of the hippocampus in mice in a time course-dependent manner (Fig. 3a) . This microdialysis result is consistent with the time-course data for GABA content measured from the mouse whole brain tissue (8) .
Gabaculine was administered systemically in the present study. Therefore, it may be problematic to interpret the effects of systemically administered drugs mechanistically, unless one excludes action at targets outside the CNS that may affect the measured variables. In addition, the drugs can interact at numerous levels of integration above the direct receptor level within the CNS. GABA is found in large concentrations in the brain and spinal cord but is absent, or present only in trace amounts, in peripheral tissues in mammals (24) . Thus, the action of GABA appears insignificant in the peripheral tissues. However, the present study could not clarify the responsible site of gabaculine action to induce LORR in the CNS because of its systemic administration.
The primary mechanism by which the action of synaptically released GABA is terminated is uptake into presynaptic terminals and surrounding glial cells via high-affinity Na ϩ -dependent transporters. The pharmacological inhibition of this uptake appears beneficial in conditions where decreased GABAergic transmission has been implicated, such as epilepsy. Using molecular biological techniques, four subtypes of mouse GABA transporter (GAT) have been cloned: GAT-1, GAT-2, GAT-3, and GAT-4 (26) . NO-711 is a potent and selective GABA uptake inhibitor that exhibits the highest affinity at human GAT-1 (7). Distributions of GAT-1 mRNA are observed over many regions of the brain, including the retina, olfactory bulb, neocortex, ventral pallidum, hippocampus, and cerebellum (27) . Therefore, NO-711 has been found to exhibit potent anticonvulsant effects in many rodent seizure models (7) . In this behavioral study, however, although gabaculine induced LORR in a dosedependent manner, even large doses of NO-711 did not. This discrepancy may be due to the different brain GABA concentrations they induce. To explore this possibility, GABA brain levels were measured after administration of gabaculine or NO-711 using an in vivo microdialysis technique.
Microdialysis is the only technique that can collect virtually any substance from distinct brain regions with minimal tissue trauma. The major advantage of the in vivo microdialysis method is that it can be used in the freely moving animal, allowing one to make correlations between changes in extracellular neurotransmitter levels and behavior (28) . It has been reported that in awake, freely moving rats, even at 3 h postimplantation of the microdialysis probe, both the basal and high K ϩ -evoked release of GABA are decreased in a Ca 2ϩ -dependent manner (29) . In addition, it has recently been shown that the blockade of GABA release by tetrodotoxin, or Ca 2ϩ -free high Mg 2ϩ buffer perfusion, is proportional to the release of this neurotransmitter, indicating that the corresponding increase or decrease of GABA in the brain reflects neuronal activity. In a microdialysis study, approximately 40%-60% of GABA in the dialysate is believed to be of neuronal origin, although the remainder may be from glial metabolism or reversal of uptake sites (30) .
The primary function of the hippocampus is disputed, but it is generally associated with the coding of visual and auditory inputs, arousal and attention, voluntary movements, exploratory behavior and, especially, formation of memory and retention of learned behavior. A particularly important hippocampal function with respect to anesthesia may be the association of this structure with memory formation. The general anesthetic state comprises many components, including loss of sensation, absence of awareness of surroundings, and unconsciousness. These manifestations may result from the loss of short-term memory traces. The major inhibitory neurotransmitter in the hippocampus is GABA. Therefore, the link between amnesia and anesthesia suggests that alterations in hippocampal function via GABAergic neurons may contribute to the state of anesthesia. In fact, an electrophysiological study has revealed that volatile anesthetics prolong GABA-induced inhibition in the hippocampus (31) . In a behavioral study, direct injection of muscimol into the hippocampus decreased the dose of a general anesthetic needed to induce LORR and loss of response to noxious stimulation (32) . In addition, GABA-T and GAT-1 are abundant in the hippocampus. Thus, we selected the hippocampus as the region in which to measure extracellular levels of GABA using an in vivo microdialysis method.
NO-711 induced much less increase in extracellular GABA levels than did gabaculine. The precise mechanism producing this difference is uncertain. However, NO-711 is a potent and selective GABA uptake inhibitor, exhibiting specific affinity at GAT-1. Therefore, it may be that extracellular GABA could still be taken up into presynaptic terminals or surrounding glial cells through other types of GAT (GAT-2, GAT-3, and GAT-4), even after administration of NO-711. Moreover, synaptically released GABA is also metabolized by GABA-T at extraneuronal intercellular sites. The brain ratio of GABA-T/GAD activity is always more than 1 (24) . In fact, anticonvulsant doses of tiagabine, another selective GABA uptake inhibitor with high affinity at GAT-1, increased extracellular GABA levels to almost 3.5 times higher than baseline in a microdialysis study, but even large doses produced no LORR (33, 34) .
Larger doses of NO-711 induced myoclonic-like seizures. Similarly, some direct-acting GABA A receptor agonists, like muscmol and THIP, have been reported to produce epileptogenic action (35) . These findings suggest that some adverse effects may occur with some GABA mimetics, although the precise mechanism producing the paradoxical convulsions is uncertain.
Gabaculine at doses four times larger than the ED 50 for LORR induced no loss of movement to tail-clamp stimulation (immobility) (Fig. 1) . In contrast, all the volatile anesthetics used in this study produced both LORR and immobility in response to noxious stimulation in a concentration-dependent manner (Fig. 2 and Table 1 ). The inhaled anesthetics (halothane, enflurane, isoflurane, and sevoflurane) enhance the actions of GABA at clinically relevant concentrations (6, 36) . Therefore, many clinical and laboratory anesthetics share the ability to regulate GABA A receptor function. The present and previous behavioral findings suggest that GABA mimetics themselves can produce LORR (unconsciousness) through GABA neurons at a supraspinal site (Figs. 1 and 3) (4,13) . Thus, GABA A receptors may play an important role in mediating the effects of general anesthetics related to consciousness.
Closely related to the GABA A receptors are other ligand-gated ion channels, including glycine and neuronal nicotinic acetylcholine receptors. Clinical concentrations of the inhaled anesthetics enhance the ability of glycine to activate glycine-gated Cl channels that significantly affect inhibitory neurotransmission in the spinal cord and brainstem. Therefore, glycine receptors may play a role in mediating inhibition by anesthetics of response to noxious stimulation. Subanesthetic concentrations of inhaled anesthetics inhibit some classes of neuronal nicotinic acetylcholine receptors, suggesting that the receptors may have a part in mediating the analgesic effects of the anesthetics (1). Rampil et al. (37) , Rampil (38) , and Antognini and Schwartz (39) have demonstrated that immobility in response to a surgical incision (the end-point used in determining MAC) results from inhaled anesthetic action in the spinal cord. Furthermore, in vivo, behavioral and neurophysiological studies have shown that immobility induced by inhaled anesthetics is mediated by glycine and N-methyl-d-aspartate receptors and Na ϩ channels in the spinal cord, but not by GABA A , nicotinic acetylcholine, serotonin, opioid and ␣ 2 -adrenergic receptors and K ϩ channels [see Sonner et al. (40) for review].
In conclusion, our findings indicate that endogenous GABA-induced LORR occurs in a brain concentrationdependent fashion. However, the increased GABA levels produced no loss of movement in response to tail-clamp stimulation. In contrast, all the tested volatile anesthetics concentration-dependently abolished both the righting and tail-clamp response, supporting the evidence that volatile anesthetics work on a variety of molecular targets, consistent with their status as complete anesthetics producing all components (1). These findings indicate that LORR is associated with enhancing GABAergic neurotransmission, but that immobility in response to noxious stimulation is not, suggesting that LORR and immobility are mediated through different neuronal pathways and/or regions.
